A high resolution magic angle spinning NMR metabolomics study of the effects of doxorubicin (DOX), methotrexate (MTX) and cisplatin (cDDP) on MG-63 cells is presented and unveils the cellular metabolic adaptations to these drugs, often used together in clinical protocols. Although cDDP-treated cells were confirmed to undergo extensive membrane degradation accompanied by increased neutral lipids, DOX-and MTX-treated cells showed no lipids increase and different phospholipid signatures, which suggests that (i) DOX induces significant membrane degradation, decreased membrane synthesis, and apparent inhibition of de novo lipid synthesis, and (ii) MTX induces decreased membrane synthesis, while no membrane disruption or de novo lipid synthesis seem to occur. Nucleotide signatures were in apparent agreement with the different drug action mechanisms, a link having been found between UDP-GlcNAc and the active pathways of membrane degradation and energy metabolism, for cDDP and DOX, with a relation to oxidative state and DNA degradation, for cDDP. Correlation studies unveiled drug-specific antioxidative signatures, which pinpointed m-and s-inositols, taurine, glutamate/ glutamine, and possibly creatine as important in glutathione metabolism. These results illustrate the ability of NMR metabolomics to measure cellular responses to different drugs, a first step toward understanding drug synergism and the definition of new biomarkers of drug efficacy.
■ INTRODUCTION
Metabolic profiling of cultured cancer cells when exposed to drugs enables cellular metabolic response to be measured, which offers valuable insight into drug mechanisms at the cellular level and, ultimately, drug efficacy and toxicity. Although extrapolation of cell studies to in vivo conditions is far from straightforward, in vitro assays benefit from a finer control of growth conditions and ease of interpretation of metabolic results, which thus provides information concerning the first level of drug effects on the metabolism of cancer cells and enables potential novel markers of drug performance to be identified. Such metabolic markers are good candidates for in vivo testing, for instance, through magnetic resonance imaging, some eventually contribute to improved management protocols of chemotherapy response. Cell metabolomics uses analytical methodologies with large compound resolution power, such as mass spectrometry (MS) and 1 H nuclear magnetic resonance (NMR) spectroscopy; the latter allows the metabolome of cultured cells (down to sub-mM concentrations) to be characterized rapidly, noninvasively, and with high reproducibility. NMR metabolomics may handle either cell extracts or pellets through liquid state and high resolution magic angle spinning (HRMAS) NMR, respectively, and a vast number of studies have been reported on different mammalian cells exposed to drugs known to act through different mechanisms. 1−3 The present study deals with the effects of doxorubicin (DOX), methotrexate (MTX), and cisplatin (cDDP) (Figure 1 ) on the human osteosarcoma (OS) MG-63 cell line. These three agents (often together with ifosfamide) are the components of one of the most commonly adopted preoperative chemotherapy regimen for the treatment of nonmetastatic high grade OS, 4,5 a frequent type of malignant bone tumor in pediatric and adolescent age groups. 6 Although much knowledge is available on the specific mechanisms of action of DOX (cytostatic, intercalates with DNA thus preventing replication), 7 MTX (cytostatic, interferes with the natural folate-homocysteine cycle and with purine de novo synthesis), 8 and cDDP (cytotoxic, forms intra-and interstrand DNA cross-links), 9−12 relatively little is known on the metabolic adaptations of tumor cells to each drug and on the occurrence of possible metabolic markers of drug efficacy. In this respect, cDDP has been more extensively investigated by metabolomics, mainly NMR-based, in several cancer cells: lung, 13, 14 brain, 15−17 liver, 18 and OS, 19 the latter by our own group. Regarding DOX, NMR metabolomics has been used for leukemia cell lines, 20−24 colorectal 22 and breast cancers, 25, 26 and melanoma. 27 To the best of our knowledge, no NMR metabolomics studies have been reported on MTX effects in neoplasic cell lines in addition to existing MS studies using leukemia, 28 cervical, 29 colon, 30 and breast cancers. 25 It becomes apparent, therefore, that studies on OS cells exposed to DOX or MTX are presently lacking, either by NMR or MS metabolomics, which justifies the present work.
In this work, 1 H HRMAS NMR spectroscopy was used to investigate changes in the metabolic profile of MG-63 OS cells treated with DOX and MTX; these results were compared with those previously reported for cDDP on the same cell line. 19 The latter results were reprocessed by improved methodologies (spectral alignment and probabilistic quotient normalization), thus the effects of cDDP on MG-63 cells were reassessed, and clearly the importance of the data processing protocol was evidenced. The application of multivariate analysis to the 1 H HRMAS NMR spectra of cell pellets, recorded for both controls and drug-treated cells, enabled drug-specific variation patterns to be identified, while spectral integration of relevant signals provided a quantitative measurement of the time course variations of the cells' metabolome. Overall, the interdrug comparison presently reported offers an integrative picture of MG-63 OS cell response to different chemotherapeutic agents, which enables specific metabolic signatures of cellular response to be unveiled and explanatory biochemical hypothesis of drug response to be discussed.
■ EXPERIMENTAL SECTION

Chemicals
(3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), phosphate buffered saline (PBS, pH 7.4), dimethyl sulfoxide (DMSO), Eagle's minimum essential medium (MEM), trypsin solution, and cell media components were obtained from Sigma-Aldrich. Fetal bovine serum (FBS) was purchased from Gibco. Stock solutions of DOX and MTX (Fisher Scientific) were prepared in Milli-Q H 2 O and DMSO, respectively, to 3 mM concentrations, made sterile through filtration (0.22 μm syringe filter), and stored at 4°C. For cDDP assays, chemicals are described elsewhere. 19 
Cell Culture and Drug Administration
The human MG-63 OS cell line was kindly provided by the Associate Laboratory IBMC-INEB, Portugal. Cells were grown as monolayers in MEM culture medium, supplemented with 10% heat-inactivated FBS, 1 mM sodium pyruvate, nonessential amino acids (1 mM) and antibiotics (penicillin-streptomycin 100x), and maintained under a humidified atmosphere with 5% CO 2 at 37°C. Cells were harvested 96 h after seeding upon addition of trypsin (0.05% trypsin/EDTA solution) and plated in 100 mm diameter Petri dishes (∼5 × 10 6 cells per dish). After waiting 24 h for cells to adhere, the experiment was initiated (t = 0 h) by adding 12 μL DOX or MTX 3 mM stock solutions to each Petri dish (containing 12 mL MEM) in order to achieve a final drug concentrations of 3 μM. This concentration corresponds to the IC 50 value determined (by the MTT assay) for both drugs at 24 h (results not shown). Distinct control samples were considered for each compound, 12 μL of Milli-Q H 2 O and 12 μL of DMSO (to ensure MTX solubility) having been added to the controls, respectively, for DOX and MTX experiments. The adherent cells were harvested by trypsinisation, at t = 12, 24, 36, and 48 h, washed with PBS (pH 7.4), and centrifuged (for 6 min, at 1000 rpm, 21°C). The resulting cell pellet was suspended in 1 mL PBS/D 2 O (0.14 M NaCl, 0.0027 M KCl, 0.0015 M KH 2 PO 4 , 0.0081 M Na 2 HPO 4 in deuterated water, pH 7.4), centrifuged, and resuspended in 35 μL PBS/D 2 O, to which 5 μL of PBS/D 2 O containing TSP 0.25% (for chemical shift referencing) was added. Then, a three-fold cycle of liquid nitrogen dipping and sonication was performed to obtain a suspension of lysed cells. Each sample was then transferred to a sealed NMR disposable insert (ca. 35 μL) and stored at −80°C until analysis. Three independent assays with duplicates for each condition (time point and drug dosage) were performed for cell passages between 25 and 29. For NMR analysis, the duplicates were mixed when necessary to provide samples with a large enough number of cells (ideally between 5 and 10 × 10 6 cells) for good signal-to-noise spectra to be obtained. For cDDP assays, procedures were those described elsewhere 19 for an IC 50 value (at 24 h) of 30 μM.
Cell Viability Assays IC 50 measurements for DOX and MTX were performed by the MTT colorimetric assay, 31, 32 which is based on the spectrophotometric detection of the reduction of the yellow methylthiazoletetrazolium salt to the violet formazanby, the mitochondrial oxidoreductase enzymes of living cells. Cells were plated on 24well plates at 1 × 10 5 cells per well. Cells were treated, 24 h later, with increasing doses of DOX (0.1, 1, 3, and 6 μM) and MTX (0.1, 0.5, 1, 3, and 5 μM) added to the cultures, and these were incubated in a humidified atmosphere at 37°C and 5% CO 2 . After 24 h of exposure, cells were washed with 1 mL of PBS before 250 μL of MTT solution (0.5 mg/mL in PBS) was added and were incubated for 3 h at 37°C. The violet MTT formazan precipitate was solubilized by adding 500 μL of DMSO, and absorbance was measured at 570 nm in a microplate reader. Experiments were performed in triplicates. Absorbance of control cells was taken as 100% viability, and the values of treated cells were calculated as a percentage of the control. For NMR experiments at each time point, the extent of cell death was assessed using the Trypan blue exclusion assay, which yields the number of living versus dead cells and thus provides a measure of cell membrane integrity. Briefly, cells were incubated with Trypan blue dye (0.4% (w/v) solution in PBS) and counted in a Neubauer-counting chamber. Numbers of living (dye-excluding) cells were expressed in terms of mean ± standard error of the mean. spinning rate. The spectra obtained for cDDP exposure studies have been recorded at a field strength of 700 MHz in similar conditions. 19 A standard 1D spectrum (pulse program "noesypr1d", Bruker library) was acquired for each sample, with spectral width of 9803.92 Hz, 32 K data points, 100 ms mixing time, 4 s relaxation delay, and 256 scans. All 1D spectra were processed with a line broadening of 0.3 Hz and zero filling to 64 K, manually phased, and baseline corrected. Chemical shifts were referenced internally to the alanine signal at δ 1.48. Spectral assignment was based on 2D total correlation spectroscopy (TOCSY), heteronuclear single quantum coherence (HSQC) spectra, and consultation of spectral databases (Bruker Biorefcode database and the human metabolome database, HMDB) 33 and further supported by statistical total correlation spectroscopy (STOCSY) 34 (MATLAB version 7.12.0, The MathWorks Inc.).
Data Processing and Analysis
A total of 50 spectra were acquired, comprising 26 control samples, 12 DOX-treated samples, and 12 MTX-treated samples. One of the MTX-treated samples revealed an abnormally strong profile of lipid resonances, and for this reason it was not considered for multivariate analysis. In addition, the spectra obtained in an earlier study 19 of MG-63 cells (same cell line) exposed to cDDP were reprocessed, as described next. Data matrices were built from standard 1D spectra (δ 0.25−9.80), excluding the water region (δ 4.9−5.1), and spectra were aligned using recursive segment wise peak alignment 35 to minimize chemical shift variations and were normalized to probabilistic quotient normalization (PQN) 36 to account for dilutionindependent effects on spectral area (MATLAB version 7.12.0, The MathWorks Inc.). After scaling (unit variance or mean centering), principal component analysis (PCA) and partial least squares regression discriminant analysis (PLS-DA) were applied separately to each set of spectra corresponding to each drug assay (MTX, DOX, and cDDP) using SIMCA -P 11.5 (Umetrics, Sweden) and employing Monte Carlo Cross-Validation (MCCV) through a default seven-fold internal cross validation, from which Q 2 (predictive ability) and R 2 (explained variance) values were extracted. To evaluate the magnitude of variation of some compounds, selected signals in the 1D spectra were integrated (using Amix-Viewer software, Bruker, version 3.9.11), and % variation was calculated as 100 (mean integral in drugtreated samples − mean integral in controls)/mean integral in controls. Effect size values were calculated as described elsewhere, with a correction factor for low number of samples. 37 For each metabolite, the statistical significance of the difference between the means of the two groups (control and treated) was assessed using the two-sample t test. A p-value <0.05 (confidence level 95%) was considered for statistical significance. Unidimensional STOCSY 34 was performed in Matlab 7.12.0 for assignment and search of metabolic correlations.
■ RESULTS
The average 1 H HRMAS spectra of control and DOX-treated MG-63 cells, at 48h, are shown in Figure 2 , panels a and b, respectively. Visual inspection reveals marked changes in the choline region (relative increases in choline, Cho, and clearly indicated that (1) the marked lipids increased characteristic of apoptotic response to cDDP is absent in both DOX-and MTX-treated cells, and (2) response to cDDP is distinct from those induced by DOX and MTX in terms of choline compounds, nucleotide bases, and acetylglycosylated derivatives (above 5 ppm).
To confirm visual observations and unveil the most relevant changes, multivariate analysis was applied to the 1 H HRMAS spectra of controls and drug-treated cells. PCA resulted in a clear separation between DOX-treated cells and controls, toward negative PC1 and positive PC2 (Figure 3a ). Although a time course tendency was suggested for control samples in PCA, such was only faintly noted for DOX-treated cells. The corresponding PLS-DA scores plot ( Figure 3b ) showed good separation between groups (Q 2 0.665), although time course tendencies were again unclear. The robustness of group discrimination was reflected in a low Q 2 distribution overlap and reasonable MCCV results (83% sensitivity, 90% specificity, and 87% classification rate) ( Figure S5a,b) . The VIP-colored loadings (Figure 3c ) gave a qualitative idea of what metabolites are responsible for group separation upon DOX exposure, which suggests the importance of m-inositol, choline compounds, creatine, and nucleotides. Subsequent signal integration (generally using fixed spectral intervals and, in the cases of choline compounds and N-acetyl resonances, using signal deconvolution) and statistical evaluation identified the relevant variations, comprised in Table 1 for 48 h and shown in time-course plots in Figure S2 . These results indicated a metabolite profile of response of MG-63 cells to DOX described by (1) Figure S2a ), resulting in significant decreases in PC/Cho and PC/GPC ratios ( Figure S2a ). Regarding MG-63 response to MTX, group separation was less obvious in the PCA scores plot (Figure 4a ) but clear, again, in the corresponding PLS-DA scores plot (Figure 4b ). MCCV performance was slightly lowered ( Figure S5c,d) , which suggests an overall lesser impact of the drug on the cell metabolome compared to DOX. The VIP-loadings ( Figure 4c ) indicated a distinct response profile, namely in the choline region (clear decrease in PC) and nucleotide bases region. Signal integration (Table 1, Figure S3 ) indicated the following: (1) nearly absent lipid changes; (2) almost no changes in Cho and GPC (except for small increases at 48 h) and a large decrease in PC, which thus decreased PC/Cho and PC/GPC ratios markedly (Table 2, Figure S3b ); (3) increases in Gly, Phe, Tyr and decreases in Glu and Tau; (4) large increase in uridine, although with large uncertainty in effect size value; and (5) small decrease in creatine, along with a weak decreasing tendency for GSH and no changes in inositols. The above observations clearly show that MG-63 OS cells respond quite differently to DOX and MTX in terms of their metabolic adaptations.
In comparison, the metabolic effects resulting from MG-63 exposure to cDDP were confirmed to be significantly stronger, as seen by the quality of the corresponding PLS-DA model (Figures S1d and S5e,f), VIP-colored loadings ( Figure S1e ), the resulting list of statistically relevant metabolite changes at 48 h (Table 1) , and as a function of time ( Figure S4 ). As explained before, the results relating to cDDP were obtained through improved processing of the spectra previously reported, 19 namely peak alignment (which improved the MVA models for 30 μM cDDP/ MG-63) and PQN normalization rather than normalization to total area, in order to more accurately correct for different cell numbers in different samples while important changes in spectral profile (namely those determined by the large lipid increase) and, hence, total area, were accommodated. Although most previously reported changes were confirmed (Table 1) , some were now shown to be irrelevant (namely regarding creatine, PC, succinate, taurine), and some were newly unveiled (Pro, Thr, phosphoethanolamine (PE), UDP-GlcNAc, and UXP, marked with e in Table 1 ). General observations for cDDP response (Table 1, Figure S4 ) comprise: (1) significant increases in lipids content, average chain length, and unsaturation degree (respectively given by (CH 2 ) n /CH 3 and HCCH/CH 3 , Table 2 , Figure S4b; (2) increases in Cho and GPC and no change in PC, leading to decreased PC/Cho and PC/GPC ratios (Table 2, Figure S4b A heatmap of effect size values (Figure 5a ) expresses the most relevant time course changes, with hot and cold colors expressing, respectively, increased and decreased metabolite levels compared to controls. The numerous yellow/orange patches in the lipid resonances are a clear signature of cDDP response, whereas smaller and fewer changes are noted for the other two drugs, with even weak suggestions of decreases in the main lipid resonances. The increase in polyunsaturated fatty acids (PUFA) is a common feature to the three drugs, although more marked for DOX (even though total visible lipids do not increase) compared to cDDP and MTX. Regarding phospholipid-related compounds, drug-specific highlights include PE decrease for cDDP, marked PC decrease for MTX, and a mixed behavior for DOX (PC decrease and Cho and GPC increases). The ratios heatmap (Figure 5b ) clearly shows the time course increase in lipid chain length and unsaturation degree in response to cDDP, along with a suggestion of chain length shortening for DOX and MTX in the former case (DOX) accompanied by some increase in unsaturations, including PUFA structures. The distinct choline signatures noted in Figure 5 , panel (a) gain weight when PC/Cho and PC/GPC ratios are considered (Figure 5b ). cDDP affects these ratios to a much lesser extent than do DOX and MTX, the latter induces a clearly gradual time course response in both ratios. This result identifies choline ratios as particularly sensitive markers of MG-63 metabolic response to DOX and MTX.
Regarding amino acids, color distribution for the three drugs is quite distinct: for cDDP, blue patches (decreases) predominate, especially at 48 h, whereas yellow patches (increases) predominate for DOX and MTX responses. The nucleotide base signatures also seem complementary, with more pronounced changes observed for cDDP (Ado/Ino decrease and increases in uridine nucleotide species), whereas DOX and MTX cause, respectively, small increases (yellow) and decreases (blue) in these compounds (note that for MTX, the uridine variation at 48 h (Table 1) does not feature in the heatmap because of the high effect size uncertainty). Regarding other compounds, the concomitant decreases in m-and s-inositols, which characterize cDDP and DOX responses, are totally absent in MTX, and distinct trends are seen for acetate(s), creatine, and GSH (with only a small increase for cDDP at 24 h and decreases for DOX and MTX).
■ DISCUSSION
Exposure to 3 μM DOX or 3 μM MTX (IC 50 concentrations at 24 h) produced a much weaker metabolic response from MG-63 cells than did exposure to 30 μM cDDP (IC 50 at 24h). In the following discussion, cDDP response will be taken as reference for subsequent comparison with the remaining two drugs tested, addressing the impacts on the metabolic pathways associated with lipids and choline-compounds, amino acids, nucleotides, and other compounds.
Lipids and Choline Compounds
Some of the main differences between MG-63 cell responses to the three drugs relate to lipids and choline compounds. The significant lipids increase observed as a response to cDDP was expected from previous studies, not only on OS cells, 19 but also on other tumor lines. 13, 14, 16, 17 NMR-visible lipid signals are believed to arise mainly from cytosolic lipid droplets (composed of mobile neutral lipids), rather than membrane components, 38, 39 but possible contributions from membrane lipid microdomains or lipid rafts have been suggested. 26, 40 Increases in neutral lipid signals have been associated with cell apoptosis, 13, 24, 41 although some authors advance that they may also be due to other (still unclear) origins. 42−44 Specifically, it has been proposed that apoptosis involves inhibition of mitochondrial fatty acid β-oxidation and divertion of fatty acids to increased de novo lipid synthesis, 41 thus leading to an increase of the corresponding NMR-visible signals. Increased average chain length and unsaturation degree, as clearly confirmed here for MG-63 cells exposed to cDDP, have also been suggested as apoptosis signs. 13, 45 The PUFA structures, detected here for the first time in cDDP-treated OS cells through the  CHCH 2 CH resonance (60% increased upon cDDP treatment for 48 h), have been specifically suggested as preapoptotic functional lipid mediators in the cell death pathway. 17 Remarkably, MG-63 cells exposed to DOX or MTX failed to exhibit an increase in neutral lipids main resonances, CH 3 and (CH 2 ) n (faint decreases being even suggested, Figure 5 ), but showed increases in the PUFA resonance (particularly in the case of DOX). The absence of neutral lipids increase, usually taken as an apoptosis sign and previously observed in DOX-treated melanoma (with 5 nM DOX), 27 leukemia (with 0.69 μM DOX) 24 ), or breast and colon carcinomas cells (with 10 μM DOX), 26 suggests that no significant apoptosis is taking place in OS cells exposed to DOX or MTX in the conditions of this study. However, the increase in PUFA environments proportion (for both DOX and, to a lesser extent, MTX) and the knowledge that both drugs are known to ultimately induce apoptosis 7, 8 indicates that apoptosis may be at earlier stages at the time of sampling (contrary to cDDP-treated cells).
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Regarding phospholipid-related compounds, the changes in choline metabolites previously reported for cDDP have been confirmed with data reprocessing, but a relevant decrease in PE was newly observed. cDDP is believed to induce membrane breakdown in MG-63 cells, which leads to large and mild increases in GPC and Cho, respectively. Cho levels are possibly also affected by an involvement in enhanced phospholipid biosynthesis through PC formation or PTC-cycle regulation. 19 The GPC peak correlated positively with the PUFA resonance, through STOCSY (data not shown), which suggests a close metabolic link to phosphatidylcholine (PTC) hydrolysis, which possibly releases PUFAs into the cytosol and thus contributes to the NMR spectrum. It is important to note that STOCSY correlations between different compounds may either reflect metabolic links or be simply casual, ultimate confirmation of metabolic relationships requiring additional demonstration, for example, through specific pathway analysis. Regarding the elevated PC levels compared to controls ( Figure S4 ), we propose that they are kept high through the activation of PE to PC conversion in order to sustain PTC synthesis, probably as an attempt to compensate for the concomitant membrane breakdown. The relatively elevated PC levels, except for 48 h, seem specific of cDDP action since relatively large PC decreases are observed for both DOX (Table 1, Figure S2 ) and MTX (Table 2, Figure S3 ), with no enhanced use of PE being noted (PE even shows a small increasing tendency, Table 1 ). For DOX, the variations in choline compounds differ from the reported information on other DOX-treated cells, 23, 25, 27 once more highlighting the dependence of drug effects on cell type. The lower PC levels were accompanied by large GPC and Cho increases, which reflect extensive membrane breakdown through phospholipases action. Lowered PC levels are usually associated with reduced PTC biosynthesis, accompanying cell growth arrest, and apoptosis 46 but may also arise from enhanced PC catabolism to Cho (probably more active than in cDDP, given the much larger Cho increase in DOX). Low PC levels have also been proposed to evidence inhibition of de novo biosynthesis of cytosolic lipids, 47 an effect possibly responsible for the lack of lipids increase in the DOX-treated cells. Furthermore, STOCSY analysis identified strong positive correlations between both GPC and Cho and the PUFA resonance (results not shown, r > 0.7), which again establishes a possible relationship between membrane degradation and an increased polyunsaturation degree in NMR-visible lipids. Since no concomitant increase in lipids occurs, this suggests that the proportion of cytosolic PUFA lipids is increasing, while keeping total lipids amount unchanged, through a mechanism that remains unclear at this stage. The above changes translate into clear decreases in the PC/GPC and PC/Cho ratios ( Figure 5 ), the former having been related to cell growth arrest prior to apoptosis. 48 The distinctly different signature observed for MTX comprises a more marked decrease in PC than for DOX, reflecting a further decrease in PTC synthesis, and no meaningful changes in GPC or Cho (no significant membrane breakdown) in accordance with reports on MTX-treated breast cancer cells 25 and imatinib-treated leukemia cells. 49 These changes originate steadier decreases for PC/GCP and PC/Cho (Figure 5b ), which establish a clear signature for MTX reflecting lower PTC synthesis (as for DOX) without concomitant membrane degradation (contrary to DOX).
Amino Acids
The previously reported large impact of cDDP on the amino acid metabolism of MG-63 cells 19 was presently confirmed, with much lower effects observed for DOX-and MTX-treated cells. For cDDP, the residually lower Tau levels (and the absence of measurable GSH changes) suggested a low level of oxidative stress (similarly to cDDP-treated lung cancer cells 14 ) , which probably justifies the efficiently leveled GSH contents. Since Glu and Gly are GSH precursors, through the γ-glutamyl cycle, 50 the concomitant decreases in both amino acids could also indicate some degree of activation of antioxidant protection mechanisms often associated with cell cycle arrest and apoptosis. 26, 27, 43, 48, 51 However, together with Ala decrease (also observed here, for cDDP), Gln/Glu reduction may also be indicative of enhanced tricarboxylic (TCA) cycle and oxidative phosphorylation activities in order to produce more ATP to sustain apoptosis. 27 In the OS cell line currently tested, this was not corroborated by variations in lactate or TCA cycle intermediates as seen in other studies, 48, 49 but the decrease in Gly, Leu, Lys, Phe, Pro, and Tyr may arise from their enhanced catabolism through an activated TCA cycle, while acetate(s) may indicate a higher mithochondrial lipids β-oxidation activity. Finally, Val and Ile, not previously evaluated in cDDP-treated MG-63 cells, evolve against the general trend of amino acids decrease. STOCSY analysis (data not shown, r > 0.7) revealed positive correlations of these branched chain amino acids with a typical lipidic profile, possibly due to their catabolism crossing with the biosynthesis of branched chain fatty acids.
In DOX-treated cells, no relevant amino acid indicators of oxidative stress (decreases in Gln/Glu or Tau) were noted, although DOX induced a relevant decrease in GSH, which will be discussed in more detail. The absence of general amino acids depletion (with even a positive variation noted for Tyr) suggests no TCA cycle activation, although some kind of bioenergetic disturbance is noted through the increase in creatine, also reported to change in MG-63 spheroids exposed to radiation. 43 On the other hand, in MTX-treated cells, Tau and Glu are clearly decreased, which thus suggests oxidative stress enhancement accompanied by a small decreasing tendency in GSH. Furthermore, the noted increase in Gly, Tyr, and Phe (in contrast to cDDP) may stem from their underuse as anaplerotic agents to the TCA cycle and possibly indicate a slowing down of the energy metabolism, which is in agreement with the observed creatine depletion (opposite to DOX-treated cells).
Nucleotides and Other Compounds
The nucleotide base signatures are quite distinct between the three drugs presently tested, showing increases in UXP and UDP-GlcNAc species for cDDP and DOX and a marked Ado/ Ino decrease apparently specific of cDDP-treated cells. The common increases may relate to the fact that both drugs exert their activity through their interaction with DNA and subsequent DNA conformational changes, but the different overall nucleotide profiles may relate to the different specific mechanisms involved. For MTX, the general absence of relevant changes (including for uridine, despite the apparent increase at 48 h) or decreasing tendencies (for Ado/Ino and UXP) are consistent with MTX being known to hamper de novo purine synthesis, probably keeping nucleotide levels low or unchanged, including those of pyrimidine bases (such as uridine and UXP). Specifically regarding UDP-GlcNAc, a donor in the glycosylation processes of post-translational proteins, 16, 52 its increase was newly noted in this work in cDDP-and DOX-treated OS cells (remaining unchanged for MTX). This compound was previously seen to increase, along with UDP-GalNAc, in cDDP-treated brain tumor cells 16 and lung cancer cells 14 and was, in such studies, correlated to mobile lipids in association with apoptotic cell death. However, STOCSY analysis of our data (Figure 6a ) revealed no correlation to lipid resonances in cDDPtreated OS cells and showed positive correlations with GPC, Cho and PC (membrane degradation metabolism), creatine, and GSH (antioxidative mechanism), with negative correlations seen with Lys, uridine, and Ado/Ino (the latter proposed to vary in relation to cDDP-induced DNA damage). In DOX-treated cells (Figure 6b ), UDP-GlcNAc (much increased relatively to cDDPtreated cells) again correlated positively with the main membrane degradation products (GPC and Cho) and creatine but, notably, not to GSH, which thus suggests that in DOXtreated cells, the main metabolic origin of UDP-GlcNAc may not relate to antioxidative mechanisms as in cDDP. In addition, for DOX, UDP-GlcNAc actually correlated negatively with lipids, in agreement with the slight decreases seen for CH 3 and (CH 2 ) n resonances ( Figure 5 ), which thus again contradicts a direct relationship with neutral lipids increase. Overall, the above observations suggest a general connection of UDP-GlcNAc with the active and preferential pathways of membrane degradation and energy metabolism (through creatine), while in cDDP, an additional link to cellular oxidative state and DNA degradation seems to exist.
Finally, some considerations are due on the marked m-and sinositols decreases (m-inositol to a greater extent) seen for both cDDP and DOX-treated cells, while no changes in these compounds were noted for MTX-treated cells. Depletion in minositol has been previously detected in several studies, 27, 46, 53 and such variation was assigned to several possible causes: disturbance in its osmolytic function through drug-induced partial inhibition of the Na + /m-inositol cotransporter (SMIT); 46 diminished inhibition of the mitogen-activated protein kinase (MAPK) signal transduction pathway, thus leading to stimulation of cells into apoptosis; 46 effect on the biosynthesis and turnover of some phospholipids; 54 or activation of cell detoxification processes. To clarify the role of inositols in treated MG-63 cells (particularly upon cDDP and DOX treatments), STOCSY analysis of the inositol resonances (not shown) revealed that, in cDDP-treated cells, m-inositol decreases concomitantly with Tau, Glu/Gln, and creatine (besides sinositol), whereas in DOX-treated cells, m-inositol decreases together with Glu/Gln and GSH (and s-inositol). These observations identified the marked inositol decreases as preferentially related with an ongoing antioxidative mechanism, although the corresponding metabolite signatures seem distinct.:
(1) For cDDP, it is apparent that Tau, Glu/Gln, inositols, and possibly creatine help to regulate GSH levels efficiently (since such levels are unchanged upon drug treatment), and (2) for DOX, Glu/Gln and inositols alone seem to be insufficient to avoid a concomitant GSH use in the cellular response to oxidative stress (negative variation, Table 1 ). For MTX, the inositols resonances, although unchanged upon drug treatment, were found to also correlate weakly to Glu/Gln, GSH, and possibly creatine, which thus confirms the proposed link to an antioxidative response.
■ CONCLUSIONS
The effects of DOX, MTX, and cDDP on the metabolome of human OS MG-63 cells (at their IC 50 concentration levels) were shown to be significantly distinct and provided valuable insight into the metabolic cellular responses to each of these anticancer drugs. While, cDDP-treated cells were characterized by membrane degradation and increase in neutral lipids, probably through de novo biosynthesis, DOX was found to induce more enhanced membrane degradation, accompanied by decreased PTC synthesis and apparent inhibition of de novo lipid synthesis. MTX treatment, in turn, evidenced no membrane degradation, while a marked decrease in PTC synthesis and possible inhibition of de novo lipid synthesis was observed. Therefore, assuming lipid changes as possible apoptosis markers, cDDP-treated cells may be undergoing apoptosis as apposed to DOX and MTX, which may, at their IC 50 values, lead only to the earlier stages of cell arrest and apoptosis. Furthermore, apparent changes in the TCA cycle activity, oxidative stress, and nucleotide metabolism were noted. In particular, different degrees of cell response to oxidative stress were proposed, with apparent antioxidative metabolite signatures having been identified as comprising Tau, Glu/Gln mand s-inositols, GSH, and possibly creatine as the main metabolite players. Furthermore, for cDDP and DOX, a specific connection was found between UDP-GlcNAc and the active pathways of membrane degradation and energy metabolism (through creatine), with an additional link to oxidative state (GSH) and DNA degradation (Ado/Ino and uridine) seen for cDDP, which is in accordance with the recognized mechanism of action of this compound.
These results illustrate the extent of detailed information obtainable through NMR metabolomics, identifying metabolic nuances in the response of MG-63 cells to different anticancer drugs, often used together in the clinic. Studying their specific metabolic impact is the first step toward the understanding (at the molecular level) of their synergetic effects, which is determinant in defining new clinical biomarkers of drug efficacy and treatment monitoring. 
